• Prenatal methylmercury (MeHg) exposure may impair development of the cortex.
Introduction
The early development of the nervous system is vulnerable to adverse influences such as exposure to drugs or contaminants during early development. Such exposures can have long-term and irreversible consequences that last into adulthood or, in some Low-level MeHg exposure during gestation has significant and long-lasting behavioral consequences that include sensory-motor [6, 7] and cognitive [8, 9] domains. Young monkeys exposed to MeHg during gestation showed impaired choice between sources of rich or lean reinforcement rates. These changes were seen both during the transitional period that occurs after a change in the relative reinforcer rates as well as in steady state [10] . The effect was attributed to a disruption in the impact of reinforcing events. A similar outcome was observed in aged rats exposed during gestation to MeHg [11] . In other studies, adult rats exposed during gestation display perseveration and retarded transitions on a spatial [12, 13] and visual [12] discrimination reversal -both tests of intradimensional shift. In order to accomplish a discrimination reversal, the previously reinforced response must cease, or be inhibited, and then responding must begin on a novel lever. Evidence that the inhibition of previously reinforced responding is impaired by gestational MeHg exposure is seen in prolonged extinction [14] and enhanced acquisition of fixed-ratio or progressive ratio responding [15, 16] . Thus, behavioral effects of low-level MeHg appear consistently in procedures that tap resistance to change, reinforcement function, and behavioral flexibility, whereas memory effects are not consistently reported [6, 14, 15] .
Perseveration along a motoric dimension can be studied by reinforcing a pattern of low-rate responding after first establishing responding at a high rate. High-rate responding is characterized by response bursts of relatively short interresponse times (IRTs) with intermittent pausing [16] . These bursts, or bouts, of short IRTs are resistant to change [16, 17] , which suggests that establishing highrate behavior establishes a prepotent response pattern. Motoric perseveration would appear as the persistence of short IRTs under conditions that reinforce low-rate responding, providing evidence of behavioral rigidity in a dimension other than those tapped by spatial or visual discrimination reversals. The successful acquisition of low-rate responding would then require inhibiting intrusive, prepotent response patterns characteristic of high-rate behavior. Response inhibition, one of the executive functions, is important because it prevents previously reinforced behavior from interfering with the acquisition of new behavior. There is neurochemical evidence that inhibitory processes are disrupted by gestational MeHg exposure. Such exposure diminishes activity of the inhibitory neurotransmitter GABA [18, 19] and in behaving animals decreases sensitivity to pentobarbital, which activates the inhibitory GABAChloride ionophore, [20] .
High response rates can be generated by selectively reinforcing interresponse times (IRTs) using either a differential reinforcement of high-rate (DRH) or a high-rate percentile (PCNT-H) schedule of reinforcement [21] [22] [23] . For example, in a DRH 8:4 schedule, an 8-response burst of lever-presses must begin and end within 4 s to be eligible for reinforcement [24] . The DRH schedule imposes a direct relationship between motor ability (the ability to produce criterion 8-response bursts) and reinforcement rate. In contrast to the DRH, the PCNT-H schedule uses a titrating criterion IRT. For example, under a PCNT-H 20:0.75 schedule, each IRT is compared with the previous 20 IRTs and is eligible for reinforcement (and produces a conditioned reinforcer) if it is shorter than 75% of them. Thus, high response rates are maintained but the IRT criterion continuously adjusts according to recent performance. To stabilize overall reinforcement rate, criterion IRTs can be reinforced with sucrose randomly at an average rate of 2 reinforcers per minute (Random Interval 30" schedule). Holding reinforcement rate constant across a large range of response rates ensures that reinforcement rate remains steady for exposed animals until impairment becomes quite severe. By weakening the link between response and reinforcement rate, such a second-order percentile schedule avoids confounding the effects of reinforce loss with motor deficits [25, 26] .
To produce low-rate responding it is necessary only to invert the percentile contingency so that IRTs have to be longer than 75% of the previous 20 IRTs. This can be designated a low-rate percentile schedule (PCNT-L). Because the PCNT-L has no natural minimum interresponse time, animals can acquire low-rate responding at their own pace and without loss of reinforcement. Therefore, it is possible to examine both the rate of change from a high-rate to a low-rate contingency and the level of asymptotic performance with percentile schedules.
The element selenium is protective against neurotoxicity caused by adult-onset MeHg exposure [27] [28] [29] [30] [31] [32] [33] [34] as well as its reproductive toxicity [30, 35] . This protection could be due to a tight bond formed between mercury and selenium that reduces the bioavailability of both elements. Reducing MeHg's bioavailability would also reduce its neurotoxicity, but reducing selenium's availability could adversely impair normal selenoenzyme activities or reduce its antioxidant effects [30, 35] . It has been hypothesized that the mercury-selenium bond should mitigate MeHg's developmental neurotoxicity, too [36, 37] but this hypothesis has not been supported by in vivo studies (reviewed in Section 4). The present study was designed to examine the acquisition of low-rate responding in rats exposed gestationally to MeHg and whether a lifelong diet that is rich in selenium can protect against deleterious effects of exposure.
Methods

Subjects
The subjects were 33 adult female Long-Evans rats (4-7 per experimental group) bred in the laboratory. They were siblings of rats reported by Newland, Reed, and colleagues [13, 39, 41, 38] . Each was randomly selected from a separate litter, so the litter served as the statistical unit. The breeders were purchased from Harlan (Indianapolis, IN). The subjects were weaned at postnatal day 21 and at this time were injected subcutaneously with an electronic identification chip (Biomedical Data Systems, Seaford, DE) to enable individual identification throughout life. They had ad libitum access to food until they reached a body mass of 240 g, at which point their food was rationed to approximately 10 g/day so as to maintain their body mass at 240-260 g. Rats had ad libitum access to tap water in their home cages and were housed two per cage in standard rat cages divided in half along the diagonal with a clear plastic divider. The colony was housed in an AAALAC-accredited facility in a temperature-and humidity-controlled room on a 12-h light-dark cycle (lights on at 7:00 a.m.). Animal health was monitored daily by research staff, with weekly inspections by veterinary staff. All procedures were approved by the Auburn University Institutional Animal Care and Use Committee.
Selenium and MeHg exposure
The subjects were exposed in utero to 0 ppm, 0.5 ppm, or 5 ppm Hg as methylmercuric chloride via maternal drinking water and to 0.06 ppm or 0.6 ppm Se via maternal diet according to a 2 × 3 factorial design. The diet was based on the AIN-93 purified formulation (Research Diets Inc., New Brunswick, NJ). Breeders began dietary exposure at 18 weeks of age, 5 weeks before breeding began. Maternal MeHg exposure continued to post-natal day 16 but since there is little MeHg exposure via milk we conclude that offspring exposure ended at birth [39] . The offspring ceased MeHg exposure at birth but continued their Se diet throughout life. The low-selenium diet contained Se from casein at a nominal concentration of 0.06 ppm and measured concentrations ranged from 0.05 ppm to 0.07 ppm. The high-selenium diet was supplemented with sodium selenite resulting in a nominal Se concentration of 0.60 ppm and measured concentrations were 0.6-0.9 ppm. Although the diets are labeled as "low" and "high" selenium, both were within the healthy range of selenium content so neither selenium deficiency nor toxicity would occur. Between mating and lactation, the base diet for the breeders was an AIN-93 growth diet containing 7% fat from soybean oil. A maintenance diet of an AIN-93 diet with 4% fat was used at all other times. Dietary mercury was below the detectable level of 50 ppb. Male breeders were maintained on the chow diet, except when briefly exposed to the female's diet during breeding. All offspring received the same diet as their maternal dams throughout life.
At 21 weeks of age, after three weeks on the custom selenium diet, each selenium group of breeders was subdivided into three MeHg exposure groups to produce six experimental groups. MeHg was added to the drinking water at concentrations of 0 ppm, 0.5 ppm, or 5.0 ppm of mercury as methylmercuric chloride (Alfa Aesar, Ward Hill, MA). These concentrations produce approximately 0 g/kg/day, 40 g/kg/day, and 400 g/kg/day of mercury consumption, respectively, based on average daily consumption, but with elevation of exposure late in gestation due to increased fluid consumption [40] . Maternal exposure to the MeHg-containing water terminated on post-natal day 16 when the offspring could reach the drinking water spout. From this point on, the offspring drank tap water with no MeHg added.
Brain mercury concentration at birth for siblings of the animals used in the present study are reported elsewhere [41] . For the 0 g/kg/day, 40 g/kg/day, and 400 g/kg/day (control, 0.5 ppm and 5 ppm) groups they were nondetectable, 0.2 ppm or 5 ppm (nondetectable, 1 M or 20 M) in the brain. The limit of detection was 50 ppb. Brain selenium ranged from 0.08 ppm to 0.11 ppm (1-1.4 M) depending upon dietary selenium and MeHg exposure.
Breeding
Breeding commenced at approximately 23.5 weeks of age, after 2.5 weeks of maternal MeHg exposure. Each male was mated with two females and mating continued until body-weight increased, suggesting gravidity. Births before 5:00 p.m. were assigned to PN 0 for that day. All births after 5:00 p.m. were assigned to PN 0 for the next day. Large litters were culled and small litters were combined to produce eight pups per litter. Only one female per litter was included in the present study.
Behavioral methods
Experimental sessions were conducted in commercial rodent operant chambers (Med-Associates, Model ENV-008) configured with two sonalert tones (nominally 2900 Hz and 4500 Hz, calibrated to 70 dB), a house lamp (28 V 100 mA), one (unused) lever on the rear wall and two retractable levers on the front wall. All levers were calibrated to 0.20 N to operate. A pellet dispenser stocked with 45 mg precision sucrose pellets (Research Diets Inc., New Brunswick, NJ) was situated between the two front levers; and an LED was above each lever. Each chamber was situated inside a soundattenuating cabinet, with a built-in exhaust fan that also served to mask extraneous noises. Session events were recorded with decisecond resolution via MED-PC IV software (Med-Associates, St. Albans, VT) running on a PC with the Windows NT operating system. Programs that controlled experimental sessions and data collection were written in Medstate Notation. Sessions were conducted 5 days/week and 45 mg sucrose pellets were used as reinforcers. The reinforcement cycle included a tone (Sonalert, nominally 4.4 kHz) that followed criterion responses, then a delivery of a sucrose reinforcer.
PCNT-H 20:0.75: high-rate schedule
Lever-pressing was autoshaped in overnight sessions and then placed under the PCNT-H schedule of reinforcement. Immediately after autoshaping the rats responded under a PCNT-H 10:0.5 schedule, in which an IRT met criterion for reinforcement if it was shorter than 50% of the previous 10 IRTs and criterion IRTs were reinforced under an RI 30" schedule. After about 50 sessions this became a more demanding, PCNT-H 20:0.75 schedule, in which an IRT was eligible for reinforcement if it was shorter than 75% of the previous 20 IRTs. Every criterion IRT was followed by the same 0.2" tone (Sonalert©), nominally 4.4 kHz) that accompanied sucrose pellet delivery.
Under the PCNT-H 20:0.75 schedule, each lever-press was recorded and the interresponse time between lever-presses was stored in a 20-element array. When a lever-press terminated an IRT, that IRT was compared with the previous 20. If the IRT was shorter than 75% (15) of the previous 20 then it was flagged as eligible for reinforcement. Regardless of whether that IRT met criterion, it was then stored in the array and the most distal IRT pushed out, thus sliding the "look-back" window forward. Subsequent IRTs were treated similarly. The RI 30" schedule was arranged by querying a probability gate every second and, if true, then the next criterion response resulted in sucrose delivery. Thus, criterion IRTs were reinforced at unpredictable times but at an average rate of 2 reinforcers per minute.
PCNT-L 20:0.75: low-rate schedule
The low-rate schedule worked similarly to the high-rate schedule except that to be eligible for reinforcement an IRT had to be longer than 75% of the previous 20 IRTs.
Differential reinforcement of high-rate (DRH 8:4) schedule
For final performance, a criterion response burst consisted of 8 responses within 4 s. As with the percentile schedule, responding was monitored continuously (i.e., this was not a trials procedure). Thus, when a lever-press was recorded the total time, T, elapsed between that press and the 7th prior lever-press had to be less than 4 s to meet criterion. Following each criterion response burst, the 0.2 tone that accompanied reinforcer delivery was delivered and every fifth criterion burst resulted in delivery of primary reinforcement (a sucrose pellet). Technically, this can be called a second order FR 5 (DRH 8:4) schedule of reinforcement. The DRH schedule was unchanged through the course of the experiment.
Training, baseline, and alternation of percentile and DRH schedules
To establish DRH performance, lever-pressing was initially placed under a DRH 2:1 (two responses within 1 s) immediately after autoshaping. This was gradually increased to a DRH 8:4 via a series of intermediate steps (DRH 4:2, DRH 6:3, and finally DRH 8:4 schedule) over the course of 32 sessions.
The percentile schedule is essentially a shaping schedule as it adjusts its criterion according to an animal's responding, so there was little need to introduce it gradually. As noted in Section 2.4.1, training began with a PCNT 10:0.5 schedule and this was changed to a Percentile 20:0.75 schedule to generate higher response rates. The final schedule, Multiple FR 5(DRH 8:4) RI 30" (PCNT 20:0.75) schedule was in effect for 50 sessions before the low-rate percentile was introduced. The low-rate percentile remained in-place for 29 sessions and the DRH schedule was unchanged during this low-rate challenge. Then the high-rate percentile was reinstated and six sessions were used to examine the return the high-rate schedule.
Throughout all phases of the experiment, the percentile and DRH schedules were presented in strict alternation (with the percentile always occurring first within a session) as a multiple schedule with 2-min components that were separated by a 20 blackout throughout the course of a 28 session, of which 24 was non-blackout time available for responding. An overhead, 28-V houselight was turned on during the PCNT component and off during the DRH component. Presenting these as a multiple schedule permitted the direct, within-subject comparison of response pattern during a single session, and permitted an assessment of discriminative control over response patterns by the two schedules in effect.
Data analysis 2.5.1. Statistical analysis of transitions
The primary behavioral measure was the median IRT under the DRH and the PCNT-H or PCNT-L components for a single rat during a session. For one subject in the 5.0 ppm MeHg exposure group, two sessions' data during the low-rate challenge were excluded from analyses of PCNT-L responding. During those sessions, the subject's median IRTs were 3.9 and 3.6 standard deviations above the group mean, and were 10.2 and 9.6 times higher than that subject's own median IRT calculated from a span of 7 consecutive sessions that included both aberrant sessions.
The change in median IRT that occurred after the inversion of the PCNT-H schedule to a PCNT-L schedule was modeled with a four parameter logistic function:
where YBL is the left asymptote (baseline), YSS is the right asymptote. X half is the session number at which ½ of the transition had occurred (hereafter the "halfmax"). The half-max locates the S-shaped function along the horizontal axis and designates the inflection point, i.e., the point at which the rate of change begins to slow. The parameter, a, specifies the number of sessions required to complete 1/e-2/e (approximately 1/2.7-2/2.7) of the transition once it begins and captures the maximum rate of change. Fits were performed for each subject using nonlinear least squares in R [42] . The resulting parameter estimates were aggregated within exposure groups and analyzed as a factorial ANOVA with diet and MeHg exposure treated as between-group factors.
Interresponse time (IRT) distributions
IRT histograms from individual rats and group averages of cumulative distributions of IRTs were generated from three sessions in order to characterize the effect of the low-rate challenge on response pattern in the three exposure groups. These two displays are included to emphasize different features of the distributions of IRTs during the low-rate challenge. Cumulative distributions are shown as group averages for the last session (N-1) preceding the low-rate challenge, the 18th session (when acquisition was about ½ complete) and the last session. All IRTs from the percentile and, separately, the DRH components were accumulated, sorted, and the resulting distributions were divided into 20 quantiles. The average value and standard error of the mean of each of the 5th, 10th, . . . 95th quantiles were calculated for all rats in the same exposure group and then expressed as cumulative distributions. Uncumulated distributions from individual rats are shown for the last session of the high-rate percentile schedule, and session and the last session of the low-rate percentile schedule.
Bout analysis
We conducted a log-survivor analysis to quantify the bout structure of responding and its changes during the low-rate challenge. This analysis partitions IRTs into two distributions: a within-bout distribution made up of short IRTs from high-rate response bursts, and a between-bout distribution made up of long IRTs associated with pausing between bouts [16] . The model's parameters are differentially sensitive to drug effects and motor and motivational influences [16, 25] . Consistent with the goal of quantifying response perseveration, the present analysis focuses on changes in the length of response bouts.
This approach models the IRT distributions as a biexponential mixture:
where yt is the proportion of IRTs greater than or equal to t (s). The mixing parameter, p, is the proportion of IRTs in the within-bout distribution, b is the rate at which bouts are initiated and w is the rate of responding within bouts (both b and w are in responses/s). The average number of lever-presses in a bout is 1 + 1/(1 − p). Adding 1 is necessary to convert IRTs (which comprise two responses) to lever-presses. For details see [16, 43, 25] .
The bout analysis was conducted on PCNT-H and PCNT-L responding for all sessions from baseline through reacquisition of high-rate responding. Because there were few IRTs and few response bouts for most subjects during the final sessions of the PCNT-L condition, the last 5 sessions were excluded from analysis. We used the same 4-parameter logistic model described in Section 2.5 to model the changes in p over time. (Fig. 2) between the 5.0 ppm MeHg exposure group and the 0 ppm control group, but the 0.5 ppm group was not statistically distinct from either group. In relative terms, the control group showed a roughly 12-fold increase in median IRT, the 0.5 ppm MeHg group showed a roughly 9-fold increase, and the 5.0 ppm showed a roughly 4-fold increase. There were no significant MeHg group differences on half-max (control: 17.0 ppm, 0.5 ppm: 17.6 ppm, 5.0 ppm: 20.4), X half : F(2, 27) = 0.64, p = 0.53, nor rate (control: 5.9 ppm, 0.5 ppm: 6.4 ppm, 5.0 ppm: 6.0), a: F(2, 27) = 0.42, p = 0.67). Thus, gestational MeHg exposure muted subjects' maximal reaction to the low-rate challenge without affecting either the latency to transition, or the rate of change.
Results
Percentile component
After the PCNT-H schedule was re-imposed, high-rate responding recovered quickly for control and exposed animals, Throughout the PCNT-L challenge and the reacquisition of the PCNT-H, the overall reinforcement rate remained relatively stable at 1.20-1.60 reinforcers/min for all groups. There was no significant effect of MeHg or Se on reinforcement rate, indicating that the exposure-dependent differences in the median IRT were unrelated to reinforcement rate. 
DRH component
The bottom panel of Fig. 1 shows the median IRT during the DRH 8:4 schedule for the same time window as the top panel of Fig. 1 . The median IRT was stable for all groups with a mean of approximately 0.3 s, corresponding to a response rate of 3.33 responses per second, throughout the low-rate (PCNT-L) challenge. There were no significant main effects or interactions on any of the logistic parameters for DRH responding during the low-rate challenge or the reacquisition of high-rate (PCNT-H) responding (all F's < 1.0). At no time were there significant effects of exposure or session on the median IRT under the DRH schedule. However, there was a significant MeHg effect (F(2, 390) = 4.46, p = 0.01) on DRH reinforcement rate, but no session by MeHg interaction (F(2, 390) = 1.06, p = 0.35). The DRH reinforcement rate for each group was stable 
IRT analysis
Cumulative IRT distributions from sessions -1 (last day of baseline), 18, and 29 for the PCNT-L and DRH components are shown in Fig. 3 (left and right panel, respectively) as group averages. At session -1, the IRT distributions from all three exposure groups (Fig. 3 , top left panel) were similar to one another. Responding was characterized by high-rate response bouts; more than 75% of the IRTs were shorter than 1 s and relatively few represented pauses in responding. For controls, the PCNT-L schedule substantially changed the shape of the IRT distribution by increasing the duration of IRTs in the upper half to 2/3 of the IRT distribution by session 18 and increasing the duration of the longest 70% of the IRTs by session 29. The shape of the distribution from the 5 ppm group changed, too, but less so. As compared with controls and (for session 18) the 0.5 ppm group, there were fewer long IRTs and substantially more very short IRTs, representing high-rate bursts of responding with only infrequent or short pausing. Note that the IRT distributions from the DRH component (Fig. 3, right column) remained stable during this phase of the experiment.
Uncumulated IRT distributions (Fig. 4) for the 0 ppm and 5 ppm exposure groups clearly show that the changes in responding over time were driven by a reduction in the frequency of short IRTs. For the last session of the high-rate schedule (top panels), there were many short IRTs and few long ones. For controls, the number of short IRTs plummeted by session 18 and continued to fall through session 29 (with a single exception). Exposed rats continued to show a relatively large number of short IRTs at session 18, although this continued to fall through session 29. Note the relative absence of high-rate response bursts over time on the PCNT-L schedule. Fig. 5 shows p (the proportion of responses within a bout) plotted with the best-fit logistic function (Eq. (1)) for the three MeHg exposure groups on the PCNT schedule. During baseline, before the low-rate challenge was imposed, p, had stabilized at approximately 0.8 for all exposure groups. This corresponds to a bout length of about six responses. There were no significant differences in the baseline values of p among MeHg exposure groups (Y BL : F(2, 29) = 1.50, p = 0.24). Across PCNT-L sessions, the mean of p declined for each of the three MeHg exposure groups, with the total change being greater for the 0 ppm and 0.5 ppm groups (approximately a 50% reduction from baseline) than for the 5.0 ppm group (approximately a 25% reduction from baseline). This difference across exposure groups in Y SS , the asymptotic value of p (see Fig. 6 ), was significant (Y SS : F(2, 29) = 3.63, p = 0.039). Post hoc testing via Tukey's HSD revealed a significant difference between the 5 ppm and 0.5 ppm exposure groups. The value of Y SS for one control subject (clearly visible in the bottom left panel of Fig. 4 ) was 2.8 standard deviation units above the group mean. When that subject was excluded from the analysis, Tukey's HSD showed a significant difference between the 5 ppm and 0 ppm groups as well. Fig. 6 shows the right asymptote for the three groups, with the outlier shown separately.
Bout analysis
Neither the rate of change, a, nor the half-max value of the logistic differed significantly across groups (a: F(2, 29) = 0.027, p = 0.973; X half : F(2, 29) = 2.04, p = 0.14). This decline in proportion of IRTs classified, as part of high-rate bursts is consistent with the decline in median IRT value described above. The differences in p at the end of the PCNT-L manipulation suggest that the high-rate response bouts were less sensitive to the manipulation of the temporal contingency for animals in the 5.0 ppm exposure group. Thus, to a greater extent than for the 0 ppm and 0.5 ppm groups, high-rate response bursts persisted for the 5.0 ppm group even after such responding became disadvantageous.
Discussion
Gestational MeHg exposure produces behavioral rigidity and altered sensitivity to reinforcing events as evidenced by retarded acquisition of choice [10, 11] , enhanced responding during extinction [44] , perseverative responding and increased errors of commission in reversal learning procedures [12, 13] . The results from the present study indicate that this resistance to change also appears in a very different behavioral dimension, the pace and structure of responding, but the processes tapped may be similar. The difficulties that the animals had in acquiring lowrate responding may have been due to an intrusion of prepotent responding, a component of diminished inhibitory control over behavior.
The present study can be compared to previous studies of spatial and visual discrimination reversals. In a spatial discrimination reversal, responses on one lever (left, say) are reinforced. When responding stabilizes, the source of reinforcement shifts to the other lever. Thus, two levers are spatially distinct and the spatial discrimination originally formed on the left is reversed. The first reversal is especially sensitive to interventions that inhibit the prefrontal cortex [45, 46] . In a visual discrimination reversal, responses on a lever located underneath a lit light are reinforced and, when behavior stabilizes, a reversal is imposed such that only responses under an unlit light are reinforced. Each type of reversal represents an intradimensional shift, because the relevant dimension (spatial location or illumination) is unchanged but which stimulus is associated with reinforcement changes [45, 46] . Both spatial and visual discrimination reversals are sensitive to gestational MeHg Fig. 3 . Cumulative interresponse time (IRT) distributions from the PCNT-L (left column) and DRH (right column) components at selected sessions during the low-rate challenge. Note the scale differences on the x-axis for the left and right panels. Most IRTs were short at the beginning of this series of sessions and grew as long IRTs were reinforced. Exposed rats showed more short IRTs during this period than unexposed rats. In the right (DRH) column, IRT distributions for all three exposure groups remained relatively stable across the time period of the low-rate challenge. Note the differences in x-axis between left and right columns.
exposure and the effect is most pronounced on the first reversal [12, 13] .
The present study extends the previous findings by demonstrating diminished sensitivity to a reversal of a motoric response requirement. Rats exposed to MeHg in utero were slower to adjust when the percentile requirement was changed from a high-rate to a low-rate (short IRT to long IRT) criterion. This transition can be construed as a reversal-learning procedure since initially short IRTs were reinforced and later long ones were reinforced. Here, the dimension is the time between responses rather than lever location or illumination. The return to a high-rate percentile schedule was not sensitive to gestational MeHg exposure. This might reflect the "first-reversal effect", namely, that deficits in reversals are not seen, or are notably smaller, as the animal experiences more reversals, Fig. 4 . Uncumulated IRT histograms for individual rats from selected sessions of the PCNT-H and PCNT-L schedules for the 0 ppm and 5 ppm MeHg exposure groups. Session N-1, rather than session 1 of the PCNT-L, is shown because some behavioral adaptation occurred in the first session of the PCNT-L. For the 0 ppm exposure group, there is a marked, general decrease in responding (as would be expected with the decline in response rates) across sessions. The lost responses come primarily from the short IRT range. IRTs for the 5 ppm exposure group follow a similar pattern, but with a lesser reduction short IRTs. a sort of "learning to learn" phenomenon. A test of this hypothesis could be undertaken by training low-rate responding first and then introducing a high-rate response requirement.
MeHg's effects represent an excessive impulsive-like intrusion of prepotent response bouts that were revealed in the transition from a high-rate to a low-rate schedule. Successful responding on such low-rate schedules requires that the animal press the lever, do something else for a period of time, and then press the lever again [47, 48] . The history of high-rate responding in the high-rate percentile (here) and with a fixed-ratio schedule before introducing a DRL schedule (in [49] ), may have established high-rate response bouts as a prepotent response that is inconsistent with low-rate responding. Thus, both the DRL schedule the low-rate percentile schedule tap at least two of the three processes that form the construct of response inhibition [50, 51] : the protection of a delay period from competing events or responses that might occur and shorten that period of non-responding and the suppression of prepotent responses. It is well-established that high-rate, short-IRT, response bouts are characteristic of behavior under the DRL schedule [52] [53] [54] but they are apparently not characteristic of responding under the Percentile-L schedule in unexposed rats. The IRT histograms (Fig. 4) revealed that, for controls, few such bouts occurred with the lowrate percentile schedules at asymptote. Such bouts were more likely to occur in the exposed animals, as is evident by the steep rise in the cumulative IRT distribution (Fig. 3 ) and in the large number of short IRTs in the uncumulated histograms containing individual subjects (Fig. 4) at session 18 and, to a less extent, session 29. Thus, extinction of the high-rate response pattern was more prolonged, and these high-rate response bursts were more intrusive, for the exposed animals.
A history of explicitly reinforcing a pattern of high-rate response bouts can have long-lasting residual effects, resulting in higher response rates and shorter IRTs when responding is maintained by time-based schedules of reinforcement in laboratory animals [55] [56] [57] [58] as well as in humans. [59, 60] . In rats, a history of high-rate responding produces an elevation of bouts of high-rate responses under DRL schedules, suggestive of impulsive behavior [61] and can influence the behavioral response to a drug like amphetamine on fixed-interval responding [58] .
The history of reinforcing short IRTs before introducing the lowrate percentile schedule may be one reason that this study and an earlier one [49] were able to detect a MeHg effect while studies that did not establish high-rate responding before introducing the DRL also did not detect a MeHg effect [62, 63] . The sensitivity of the present study may also be due to the use of a low-rate percentile schedule, which did not have a preponderance of short IRTs often seen with DRL responses. Of course, other differences among the studies could be important, too, including age of exposure and dosing regimen. If the history is important, however, then this suggests that the sensitivity of low-rate schedules in detecting deficits in response inhibition can be enhanced by first establishing a pattern of high-rate responding. Such an approach could assist with interpretation, too, since the presence of such a prepotent response is important when linking response inhibition to the executive functions [50] . This explanation could also apply to the spatial and discrimination reversals since the response that it reinforced during the original discrimination could be viewed as intruding into the first reversal.
The perseveration of high-rate responding as seen here can result in apparently paradoxical results. In two studies of gestationally exposed animals, MeHg enhanced acquisition of high rate responding during the rapid acquisition of fixed-ratio responding [49, 64] . At very high ratios (75 responses required for a reinforcer) the exposed animals persisted in responding at very high rates even as unexposed controls showed poor responding with much pausin. Moreover, as noted earlier, when the schedule was abruptly changed to a differential reinforcement of low-rate (DRL) schedule, the MeHg-exposed rats persisted in a pattern of high response rates longer than control rats, although they did eventually acquire DRL responding [49] . In a study of gestational exposure to cadmium, an exposure that resulted in cortical damage, a similar effect was noted: exposed rats acquired large fixed-ratio schedule performance more rapidly than unexposed rats [65] .
Methodologically, the low-rate percentile schedule provides an interesting contrast with the DRL schedule as an approach to studying the behavioral effects of drug or toxicant effects. Both are tactics that can be used to generate low response rates, but the DRL schedule imposes an unchanging criterion IRT and failure to meet the schedule requirement results in a decreased rate of reinforcement. In contrast, the percentile schedule used here imposes a titrating criterion that varies as a direct result of responding, making reinforcement more easily attainable and stabilizing the reinforcement rate. The stability in reinforcement rate was further assured further by placing criterion IRTs under a Random Interval 30" schedule, so overall reinforcement rate remained constant for both the highand low-rate percentile schedules. In the present study, the reinforcement schedule worked as intended, maintaining consistent reinforcement rates across a wide range of response rates. Thus, the percentile schedule placed under an overall Random Interval schedule is a useful tool because it does not impose an artificial ceiling or floor on response rates and it avoids interpretative complications due to changes in reinforcement rate and as a result may facilitate detecting effects that changing reinforcement rates could obscure.
During the low-rate challenge, responding under the unchanged DRH component was unaffected in any group, suggesting that the exposure-dependent effects on the median percentile IRT cannot be accounted for by aging or MeHg-related motor dysfunction. Since the DRH and percentile components were distinguished by specific stimuli, it appears that gestational MeHg exposure did not affect the discrimination between the two components even as the response rates under the low-rate percentile schedule decreased. This is consistent with earlier observations that low-level exposure does not affect discrimination learning [6, 15] . For example, even in rats for which reversal learning was impaired, the original acquisition of a spatial discrimination proceeded similarly for control and MeHg-exposed rats [12, 13] . Moreover, when rats performing a spatial discrimination were abruptly required to perform a visual discrimination, an exteroceptive shift [45, 46] , the transition seen by the MeHg-exposed rats were indistinguishable from control rats. This supports an earlier suggestion that low-level MeHg exposure does not affect discrimination learning [15] .
The results here and in the other investigations discussed are generally consistent with neurochemical effects of gestational MeHg exposure. Enhanced sensitivity to dopamine agonists has been reported in young [66] [67] [68] and adult rats [20, 38] , which would be consistent with behavioral evidence of enhanced efficacy of primary reinforcers, since dopamine is closely linked to reinforcement processes [69, 70] and especially to detecting changes in the source of reinforcement [71, 72] . In addition, activity of the inhibitory neurotransmitter, GABA, is inhibited by gestational MeHg exposure [18, 19] . Like the effects on dopamine pathways, the GABA effects are reversible and behaviorally relevant, since adult rats gestationally exposed show diminished sensitivity to the GABA agonist, pentobarbital [20] . The prolonged responding during extinction [12, 13] or, here, after a transition from high-to low-rate responding is consistent with observations that drugs that promote GABA activity facilitate the extinction of operant behavior [73, 74] .
In a study of exposed children, prenatal exposure to low levels of MeHg (maternal hair averaged 0.5 ppm) produced substantial impairment of DRL schedule performance [75] . The acquisition of DRL performance was examined in 20 IRT bins through the course of a 1 h session. As in the present study, there were significant effects in the first encounter with the DRL schedule and some effects persisted to the last encounter, when responding was more or less at steady state. The extent to which prepotent responses may have been relevant in the Stewart et al. study is unclear, but often with children such responses may normally be present [50] .
The absence of protection by selenium in the present study is in agreement with others that have reported no neuroprotection by selenium against MeHg's developmental neurotoxicity. While both MeHg exposure and severe selenium have similar effects on thermoregulation, righting reflex, and locomotion in pre-weaning mice, selenium supplementation does not protection against these effects of MeHg when the two are both present [33] . Using physiological endpoints (e.g., body mass and mortality), Beyrouty was unable to find protection by selenium against the effects of developmental exposure to MeHg [35] . Using littermates of animals in the present study and identical postnatal exposure, Reed and colleagues found no protection be selenium on MeHg's effects across several behavioral preparations, including discrimination reversals [13] , elevated response rate during extinction [44] , reinforcer efficacy [64] , or sensitivity to cocaine [38] . The absence of protection seen with gestation exposure contrasts with the protection that is seen by selenium against adult-onset exposure. [9, 29] . With adult-onset exposure, selenium might counteract oxidative damage caused by MeHg [76] , bind MeHg and render it nontoxic [77] , or by prevent selenium deficiency that might arise because MeHg-selenium binding reduces the amount of bioavailable selenium [34, 78] .
To summarize, gestational MeHg exposure impaired the acquisition of low-rate operant behavior after a history of high-rate responding. This can be viewed as akin to deficits in reversal learning that have been reported in previous studies, a failure of response inhibition, or both since these are not mutually exclusive accounts. There was no evidence of protection by selenium against MeHg's developmental neurotoxicity.
